Nanocrystalline Co 2 MnSi Heusler alloy films were deposited on the PZN-PT substrates by a com-position gradient sputtering method. It is revealed that this multiferroic heterostructure shows very strong magnetoelectric coupling, leading to continuously tunable microwave frequency character-istics by electric field. With the increase of electric field intensity from 0 to 6 kV/cm, the magnetic anisotropy field H K increases from 90 Oe to 182 Oe with an increment of 102%, corresponding to a ME coefficient of 15.3 Oe cm/kV; the ferromagnetic resonance frequency f FMR shifts from 3.38 to 4.82 GHz with an increment of f FMR = 1440 MHz or f FMR /f FMR = 43%; moreover, the damp-ing constant dramatically decreases from 0.035 to 0.018. These merits demonstrate that this nanocomposite multiferroic structure is promising in fabrication of tunable microwave components.
INTRODUCTION
Recently, multiferroic composite materials have drawn increasing attention due to their magnetoelectric (ME) cou-pling structures that offer an electric field manipulation of magnetic properties (converse ME effect) or vice versa (direct ME effect). [1] [2] [3] [4] The ME coupling gives rise to many novel multiferroic materials and devices. Of them, one important branch is electrostatically tunable ferromagnetic/ferroelectric composites, which led to many devices at low frequencies such as a picotesla sensitivity magnetometer, 5 and at microwave frequencies such as tunable band-pass or bandstop filters, tunable resonators, tunable phase shifters, etc. [6] [7] [8] [9] Comparing with the conventional mag-netic field tuned microwave magnetic devices, the electro-statically tunable microwave multiferroic devices exhibit some advantages, such as more energy efficient, compact, lightweight, and less noisy, etc.
The ME coupling strength in multiferroic composites is determined by many factors, such as piezoelectric/ magnetoelastic parameters of the ferroic/magnetic phases, the interface interactions, the ME coupling mode, and the orientation of the magnetic and electric fields, etc. The strain/ stress-mediated multiferroic composites have effec-tive energy transfer between electric and magnetic fields, however, at microwave frequencies the strong ME coupling is difficult to be achieved due to the large loss tangents of ferroic/magnetic phases, leading to a very limited tunability in electrostatically tunable microwave multiferroic devices. The typical tunable frequency range is less 150 MHz, and the tunable magnetic field less than 50 Oe. [10] [11] [12] Layered multiferroic heterostructures with magnetic thin films give rise to great opportunities for obtaining strong ME cou-pling at microwave frequencies due to improved interfaces, minimized charge leakage of ferroelectric materials, and low loss tangents of magnetic thin films. [13] [14] [15] [16] 
EXPERIMENTAL PROCEDURE
The 100 The sample compositions were detected by a field-emission electron probe microanalyzer (FE-EPMA). The magnetic properties were measured by a vibrating sample magnetometer (VSM). The microwave frequency performances of the multiferroic composites were evalu-ated by use of a vector network analyzer and ferromagnetic resonance spectrometer.
RESULTS AND DISCUSSION
The Co 2 MnSi film as a promising half-metallic material was widely investigated due to its high spin polarization and high Curie temperature. In this study, XRD demon-strated that the films were composed of multicrystalline Co 2 MnSi phase with a grain size about 10 nm. FE-EPMA revealed that the film is located around the stoichiometric composition and the ignorable composition difference of Si along R direction is less than 2 at% of total Si due to the small sample length of 5 mm. But as discussed below (see Fig. 1(b) ), it is the small Si composition gradient that results into an obvious uniaxial magnetic anisotropy (UMA) with magnetic field anisotropy field H K = 90 Oe. 
here S is the saturation magnetostriction coefficient and is the stress. Positive and negative signs of stress are taken for tensile and compressive stresses, respectively. is the angle between stress and magnetization. Based on Eq. (1), for a matter with a positive S , the compressive stress results in the arrangement of magnetic moments perpendic-ular to the compressive stress direction, and vice versa. 23 24 Generally, the intrinsic stress is randomly dispersed in the sample, giving rise to a high damping constant . It goes against the enhancement of resonance frequency. However, if the random-dispersed intrinsic stress is replaced by a unique direction stress, i.e., along the R direction in this paper, as a result, a stress-induced UMA will be obtained due to the order arrangement of magnetic moments. It is in favour of the enhancement of high-frequency FM prop-erties. In this study, we controlled the stress direction by an ignorable Si composition gradient to obtain a uniaxial stress distribution. Consequently, as-deposited nanocrys-talline Co 2 MnSi films exhibited a high UMA along [100] direction and high selfbiased ferromagnetic resonance (FMR) frequency (see Figs.  1(b) and 3(a) ). The detailed discussion was published in our previous work. [19] [20] [21] [22] Figure 1(c) showed the E-field dependence of hystere-sis loops along [100] direction (hard axis, R direction).
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It can be seen that the anisotropy field H K is dramatically increases with the increase of E-field. It is enhanced from 90 Oe for 0 kV/cm to about 200 Oe for 6 kV/cm. It should be mentioned here that the hysteresis loop at 8 kV/cm (not shown) is almost coincided with that at 6 kV/cm, which can be attributed to the phase transition from the rhom-bohedral to the tetragonal phase in the PZN-PT single crystal, 13 18 which occurs at around 6 kV/cm. The piezo-electric effect will disappear at E-field strength more than 6 kV/cm, leading to a saturation characteristic. This phe-nomenon was also observed in FMR and magnetospectra (see Figs. 2 and 3) . 
where is the gyromagnetic ratio (∼2.8 MHz Oe −1 , H is the FMR field, H K is the anisotropic field in plane, 4 M S is the magnetization of ferromagnetic films. H eff is the orthogonal in-plane compressive and tensile stress corporately induced internal effective magnetic field which could be positive or negative, and in our case it can be express as, It is interested to note that we effectively enhance the magnetic anisotropy of the Co 2 MnSi films by combining the composition-induced UMA and E-field-induced ME coupling since these two factors give rise to a coincide magnetic moment orientation. Figure 3 showed the E-field strength dependence of magnetospectra, anisotropy field H K , damping constant , 
